SUMMARY Reduction of ventricular size was determined by repeated computed tomography in 30 adult patients shunted for normal pressure hydrocephalus (NPH) and related to the pressurevolume index (PVI) and resistance to outflow of cerebrospinal fluid (Rcsf) measured before shunting. Rapid and marked reduction of ventricular size (n = 10) was associated with a significantly lower PVI than slow and moderate to marked (n = 13) or minimal to mild reduction (n = 7). Otherwise no relationship could be found between the reduction of ventricular size and PVI or Rcsf. It is concluded that both rate and magnitude of reduction of ventricular size after shunting for NPH are extremely variable. High brain elasticity seems to be the best predictor of rapid and marked reduction.
Reduction of ventricular size after shunting for normal pressure hydrocephalus (NPH) is reportedly not related to clinical improvement.14 The most reliable method for prediction of the result of shunting is determination of the resistance to outflow of cerebrospinal fluid (Rcsf) by means of constant flow or constant pressure infusion techniques. [5] [6] [7] This Rcsf also appeared to be independent of ventricular size both before and after shunting.89 A second major parameter affecting CSF dynamics is the volumepressure relationship, which can be expressed as the pressure-volume index (PVI). A poor correlation was found between PVI and preoperative ventricular size9 -" but the relationship with postoperative ventricular dimensions has not been investigated. Since the PVI reflects brain elasticity one might hypothesise that reduction of ventricular size will be greater in patients with greater elasticity, whereas dilated ventricles surrounded by a compliant brain are less likely to diminish in size.
In some patients reduction of ventricular size is completed within days or weeks, whereas in others ventricular size decreases slowly over a period of months or even years. Surprisingly the rate of reduction has seldom been considered by previous investigators.
The aim of the present study was to collect data on both the magnitude and the rate of changes in ventricular size and to relate these to PVI and Rcsf.
Material and methods
We selected 30 adult patients with NPH who met the following criteria: (1) A cerebrospinal fluid (CSF) baseline pressure < 15 mmHg and a Rcsf > 13 mmHg/ml/min. (2) Insertion of a ventriculo-atrial shunt with medium pressure Holter valve. CSF pressure was measured by means of a ventricular catheter or via the lumbar route. Rcsf was obtained by constant flow infusion at a rate of 1-6 or 0-82 ml/min. In addition a series of at least three bolus infusions of the same or different volumes was administered; from these data one PVI was calculated.5 6 CT scans of all patients were obtained within a 3-month period before surgery as well as one month and 2 to 24 months after surgery. A fourth CT scan was obtained in 21, a fifth in 6 and a sixth in 2 cases, making a total of 119 CT scans. Using a translucent millimeter ruler ventricular and skull sizes were measured from the CT images and expressed as the following ventricular index: (A + B + 3C + E)/D, in which A is the maximum distance between the frontal tips, B the maximum diameter of the lateral ventricles at the level of 
Results
The results of the ventricular measurements are summarised in tables 1 and 2. The largest reduction of ventricular size was obtained within the first month, but considerable reductions were found thereafter. The mean ventricular index of the third follow-up CT was higher than that of the second because more CT scans were performed in patients with mild to moderate reductions. The RRm was derived from CT scans performed a mean period of 12-4 months after surgery, illustrating the slow normalisation of ventricular dimensions.
No correlation could be found between the reduction of ventricular size (RRm) and the parameters of CSF dynamics, (PVI and Rcsf). Linear regression analysis yielded coefficients of correlation as low as -0 29 and -01. It is also important to note that no relationship could be established between preoperative ventricular index and PVI, Rcsf or RRm. Therefore, ventricular dimensions before and after shunting seem to be independent of disturbances of CSF dynamics.
Analysing again the results of the ventricular measurements and taking into account both 'the magnitude and the rate of reduction three patterns could be distinguished: (1) reduction followed by a further slight decrease or a minimal increase of ventricular size. Since the 7th patient exhibited some secondary ventricular diminution, none of the 30 patients had a totally unchanged ventricular system. The patients of group I exhibited a low PVI indicating tight brain conditions, whereas the PVI of group 2 was only mildly decreased and that of group 3 was almost within normal limits (>18 ml). Applying analysis of variance the differences between group 1 and the others attained statistical significance (table 3) . Such a difference did not emerge for Rcsf although the mean Rcsf of group 1 was higher than that of groups 2 and 3. Non-parametric analysis yielded very similar results. Interestingly, PVI for those patients of group 2 who presented with a markedly increased Rcsf (> 18 mmHg/ml/min) was within the normal range, suggesting that the comparatively low brain elasticity was responsible for the slow rate of change of the ventricles. In contrast, the patients of group 3 exhibited an inverse relationship between Rcsf and PVI. 
Discussion
Linear measurements of CT images of the ventricular system provide sufficiently reliable results to dispense with the more complicated planimetric and volumetric methods. 12 Because NPH is associated with global ventricular enlargement, ventricular dimensions were assessed at four different sites. The sum of the maximum distance between the frontal tips and the caudate nucleus is the Huckman number that has been shown to correlate well with the area of the anterior horn. 3 The maximum diameter of both cella mediae, representing the body of the lateral ventricles is assessed by most investigators who use multiple linear measurements.12 -14 The width of the third ventricle was included because its walls perpendicular to the plane of the CT section and midsagittal localisation permit measurement that is subject to less error.'5 In order to have one value for the ventricular size all measurements were incorporated in one ventricular index. The width of the third ventricle was weighted by a factor 3 so that it would be comparable to the other ventricular dimensions.
The presence of a well functioning ventriculoatrial shunt with a medium pressure Holter valve was a criterion for inclusion in the study. However, the opening pressure measured at surgery varied from 60 to 100mm water and after insertion shunt function was measured only in patients suspected of malfunction. The hydrodynamic properties of CSF shunt systems were investigated in vitro. Slit type valves revealed variable opening and closing pressures and the flow tended to decrease with time. 16 For a given differential pressure the flow rate depends on the reTans, Poortvliet sistance of the valve and that is not known.'7 Therefore shunt characteristics may have influenced the process of reduction of ventricular size. In one study 79% of patients with NPH receiving a low pressure shunt showed ventricular reduction compared with 40% of those with a medium pressure shunt. '5 Reduction of ventricular size after shunting for NPH is usually assessed within 6 to 12 months after surgery. In the present study substantial reductions were observed after that period. Therefore studies relating reduction of ventricular size to clinical improvement or other parameters should include CT scans taken at longer intervals after surgery, at least for those patients who do not exhibit rapid and marked reduction.
The lack of relationship between preoperative ventricular size and either Rcsf or PVI is confirmed by our data.8 10 Even patients with a high Rcsf and low PVI did not have larger ventricles than those with less severely disturbed CSF dynamics. The magnitude of ventricular reduction after shunting too did not correlate with Rcsf or PVI.
The most important finding of this study was the relationship between rate of reduction in ventricular size and PVI. Patients demonstrating a rapid and marked reduction were found to have a significantly higher brain elasticity. Their Rcsf was higher as well but the difference with the patients of group 2, who presented slow and moderate to marked reduction in ventricular size, did not reach statistical significance. The mean Rcsf and PVI for the patients of group 2 were almost equal to those found for group 3 who exhibited slow and minimal to mild reduction to ventricle size. In group 2, however, CSF outflow resistance and brain elasticity were more or less inversely related, whereas in group 3 both CSF outflow resistance and brain elasticity tended to be either high or low. These results indicate that brain elasticity certainly is not the only factor responsible for ventricular reduction. CSF outflow resistance plays an additional role as well. In patients with high brain elasticity the presence of high Rcsf seems to increase the likelihood of a rapid and pronounced fall in ventricle size.
These inferences are valid for adult hydrocephalus only. In a group of hydrocephalic infants aged 1 week to I year the mean PVI was 28-1 ml, which is significantly higher than the 12 1 ml predicted on the basis of the estimated volume of the neural axis for normal infants.9 On the other hand a very low mean PVI of 9-5 ml was found in a series of adult patients with communicating hydrocephalus, half of whom had cerebral atrophy.'0 Both the latter and our study included a few younger patients who exhibited a low PVI as well. The diametrical opposite findings for paediatric and adult hydrocephalus are difficult to ex- 
